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Regulation of Mammary Differentiation by
the Extracellular Matrix
by Joanne L. Blum,* Mary E. Zeigler,t and Max S. Wichat
In multicellular organisms cell growth and differentiation are influenced by soluble factors, cell-cell in-
teractions and cell-extracellular matrix interactions. We have used the rat mammary gland as a model sys-
tem to study the role ofextracellular matrix components in the regulation ofmilkprotein gene expression.
Since mammary epithelial cells differentiate on a basement membrane in vivo, we investigated the effects
ofbasement membrane components ontheexpression ofthe milkprotein genes, a-casein, a-lactalbumin, and
transferrin. We have demonstrated that abasement membrane gel, aswell as its majorbasementmembrane
component, laminin, induceda-casein and a-lactalbumin expression as much as 160-foldcompared to tissue
culture plastic. We demonstrate that laminin affects mRNA stability as well as having an effect on protein
stability and secretion.
Laminin interacts with mammaryepithelial cellsviaan 68kDcell surface receptorwhich iscapable ofin-
teractingwiththecellularcytoskeleton. Inordertoprovide evidencethatlamininaffectsonmammarydifferen-
tiation are mediated through this receptorvia the cytoskeleton, we examined the effects ofcytoskeletal dis-
rupting agents on milkprotein geneexpression. We demonstrate thatcytochalasin D orcolchicine selectively
block laminin-mediated milk protein gene expression by affecting mRNA stability. Based on these experi-
ments, wepropose amodel in which laminin affectsmammary gene expression through interaction with cell
surface receptors which interact with the cytoskeleton resulting in stabilization ofmRNAs for milkprotein
genes.
Introduction
Anunderstanding ofthe regulation ofgene expression
inmulticellular organisms is a central issue ofcellular and
molecular biology. There is substantial evidence that
these genes are regulatedby different sets ofexternal sig-
nals. These signals may be grouped into soluble factors;
cell-cell interaction andcell-extracellular matrix(ECM)in-
teraction. These regulatory factors are summarized in
Figure 1. Normal cellgrowth and differentiation are regu-
lated by complex interactions of these pathways. Malig-
nant transformation characterized byunregulated growth
and defective differentiation occursthrough alterations in
these pathways.
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Our laboratory has used the rat mammary gland as a
model system to explore the role ofECM components in
the regulation oftissue specific gene expression. This is
an excellent system to study differentiated function be-
cause, duringdevelopment, mammaryepithelial cells un-
dergogrowth and differentiation thatis characterizedby
the expression ofa defined set ofmilk protein genes. In
vitro studies have indicated that tissue-specific gene ex-
pression isinfluencedbyhormonalfactors and cell-cell in-
teractions, as well as by the ECM. In this paper we re-
view the biochemistry of ECM components and recent
data on ECMreceptors. We then discuss the composition
ofthe ECM in the mammarygland and the role ofECM
in mammary differentiation. Based on this data we pre-
sent amolecularmodelforregulation ofgene expression
by the ECM.
Structure and Composition of
Basement Membranes
In vivo mammary epithelial cells rest on a basement
membrane that forms a thin, continuous sheet between
epithelia and underlying connective tissue stroma. TheBLUM, ZEIGLER, AND WICHA
NORMAL CELLS
SOLUBLE FACTORS
(HORMONES
GROWTH FACTORS)
REGULATED GROWTH
DIFFERENTIATION
TRANSFORMATION
MALIGNANT CELLS
UNREGULATED GROWTH
6 METASTASIS
/ DIFFERENTIATION
FIGURE 1. Regulation of cell growth and differentiation.
composition of the basement membrane was first ap-
proached bythe biochemical analysis andfractionation of
tissues suchasthe lens capsule (1)andtheglomerulus (2)
and by the analysis of basement membrane-producing
tumors (3-6). The major components of the basement
membrane include type IV collagen, proteoglycans, and
glycoproteins. The major glycoproteins of the ECM in-
clude laminin and fibronectin, as well as the less-
characterized basement membrane glycoproteins, entac-
tin and nidogen. Laminin is the major basement mem-
brane glycoprotein ofbasement membranes; fibronectin
is the major glycoprotein of the ECM of stromal cells.
In addition to these basement membrane components
that are widely distributed in adult tissues, there are
ECM components that are expressed during develop-
ment. Arecently characterized class ofproteins, the hex-
abrachions, are arepresentative ofthistype ofECM pro-
tein. The hexabrachionshavebeenisolatedfromchickem-
bryo and human fibroblast cultures and are expressed
during embryogenesis (7-9). Tenascin, one ofthese hex-
abrachion proteins, is found in the mammary gland dur-
ing embryogenesis and in mammary tumors but is lost
duringnormalgrowthanddevelopmentofthemammary
gland (7).
Another example ofa tissue-specific ECM component
is hemonectin, a60kDprotein that ourlaboratoryhas re-
cently isolated fromrabbitbone marrowmatrix(10). This
protein, whichisfoundinbonemarrow, promotes the at-
tachment ofgranulocytic cells. Itisanticipated that other
tissue-specific or developmentally regulated ECM com-
ponents will be isolated in the future.
Laminin
One ofthe major ECM components ofthe adult mam-
marygland is the basement membrane glycoprotein lami-
nin. Thislarge, complexglycoproteinofapproximately 900
kD consists ofthree disulfide linked subunits, a360to 400
kD alpha chain subunit, a 225 kD beta 1 chain, and a 205
kD beta 2 chain (11,12). Laminin was first isolated as an
intact moleculefromthe Engelbreth-Holm-Swarm (EHS)
tumor. Using this tissue as a source, large amounts of
laminin can be extracted by neutral salt solutions and
then purified by DEAE-cellulose chromatography and
agarosegelfiltration(5), or alternately canbepurifiedby
lectin affinity chromatography (13).
As shown by rotary shadowing electron microscopy,
laminin is across-shaped molecule with two globular do-
mains at the ends ofthe short arms and one globular do-
main at the end ofthe long arm (14). Protease digestion
has demonstratedthat one cellbindingdomainis on a260
to 300 kD fragment ofthe three short arms without the
globular domains (P1 fragment) (15). A cell-binding do-
main of nine amino acids has been identified within the
P1 region on the Bi chain (16). Unlike fibronectin and
other adhesive matrix proteins, this cell-binding domain
of laminin lacks the Arg-Gly-Asp (RGD) sequence (16).
The lower 35 nm ofthe long arm, the E8fragment, trig-
gers neurite outgrowth (17) and contains a second cell-
binding domain for several nonneural cells (18). Laminin
molecules canformpolymers and aggregatesbybinding
totheglobular domains(19). Lamininalsobinds to other
ECM components, including heparan sulfate proteogly-
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cans (20), type IV collagen, and nidogen (21,22). In sum-
mary, laminin is alarge, complex molecule withmultiple
functional domains which enable the molecule to self-
assemble and to interact with other ECM components
andwith cells. These characteristics maybeimportantin
cell-substrate interactions as well as in the assembly of
basement membranes.
Laminin Receptor
Work from our laboratory as well as others have dem-
onstratedthat laminininteracts with the cell surface via
a specific 68 kD cell surface receptor. This receptor has
been purified by laminin affinity chromatography and
binds to laminin with a Kd ofapproximately2 x 10-9 M.
It has been isolated from human breast cancer cells,
mouse fibrosarcoma cells, myoblasts, murine melanoma
cells, humanneutrophils, andmousemacrophages(23-28).
This receptor has characteristics ofamembrane protein
inthatitishydrophobicandcanbeincorporatedintolipo-
somes (11). Recently, cDNAs representing part of the
receptor have been isolated (29). In ourlaboratory over-
lappingcDNA clones spanningthe entire molecule have
beenisolatedfromahumanendotheliallibrary. Weareus-
ing this cDNA to study the regulation oflaminin recep-
tor expression, In addition tothehighafTinity68kDlami-
ninreceptor, lamininbindsto some celltypeswithlower
affinity via cell surface glycolipids (30). The CSAT (cell
substrate attachment antigen) protein has also been
shown to bind to both laminin and fibronectin with a Kd
of approximately 10-6 M (31).
Fibronectin
Fibronectin is a cell surface and plasma glycoprotein
primarily synthesized by fibroblasts and endothelial cells
and also by some epithelial cells. It is a multifunctional
and well-characterized glycoprotein involved in cell at-
tachment, spreading, andmigration, cytoskeletal organi-
zation, hemostasis, differentiation, andmetastasis(32,33).
The subunits offibronectin are approximately220to250
kD and contain multiple functional domains capable of
binding to cells, bacteria, collagens, fibrin, heparin, pro-
teoglycans, and actin. One ofthe most important obser-
vations about thefibronectin molecule istheidentification
ofthe Arg-Gly-ASP (RGD) sequence in the cell binding
domain (34-36). Through the use ofthe RGD tripeptide,
a class ofdivalent cation-dependent cell surface receptors
foravarietyofadhesiveproteins hasbeenidentified. The
receptorsforfibronectin, vitronectin,fibrinogen, collagen
type I, andvonWillebrandfactor(37-41) allbindto RGD
sequences in theirligands. The RGDtripeptide alsobinds
to theplateletglycoproteins IIb/IIIa(42). Althoughthese
receptors are structurally and functionally related,
specificligand-receptorinteractions mustbe mediatedby
important differences either in ligand availability or by
specificregions orconformation ofeithertheligand orits
receptor.
Other Glycoproteins
Entactinis awidelydistributed, basementmembrane,
sulfatedglycoproteinofapproximately 150kDathatwas
identified in murine endodermal cell lines and the EHS
tumor and which has recently been partially cloned and
sequenced(43-45). Entactinislocalizedinbasementmem-
branes of a variety of tissues including the mammary
gland (46). Nidogen is a glycoprotein isolated from the
EHS tumorthat has been described in Reichert's mem-
brane and is expressed during embryogenesis (47,48).
Collagens
A complete review ofcollagen biochemistry is beyond
thescopeofthischapter(49-53). Thecollagensare charac-
terized by atriple helical domain with the repetitive se-
quence gly-X-Y with the X position amino acid often be-
ing proline and the Y position amino acid often being
hydroxyproline or hydroxylysine. Types I, II, III, and V
collagenarefibrillarinterstitial collagens, andtype IVcol-
lagen is a nonfibrillar protein found in basement mem-
branes. The more recently described collagens types (VI-
X) are also nonfibrillar.
Basement Membrane, Type IV
Collagen
Type IVcollagen, whichis themajorcollagenous com-
ponent ofbasement membranes, is a heterotrimer com-
posedofpro-al(IV), 185kD, andpro-a2(IV), 170kD chains
(54). It has a 400-nm triple helical portion with a globu-
lar domain at the carboxy terminus(55). Aggregation of
type IV collagen monomers occurs in vitro and appears
tobemediatedbycovalentinteractionsbetweenthe non-
collagenous domains of the molecule as described by
Timpl et al. (55). Type IV collagen has also been shown
to specifically interact with other ECM components.
Kleinman et al. have shown that there is an increase in
turbidity when type IV collagen and laminin are in-
cubatedat365C (4). Charonisetal. reportedthatlaminin
and type IV collagen form complexes that can be ob-
served by rotary shadowing electron microscopy (21).
Heparan sulfateproteoglycans have similarlybeen shown
to associate with type IV collagen (56). Although func-
tionalinteractions havenotyetbeenproveninvivo, they
may prove extremely important in the organization and
synthesis ofbasement membranes.
lType V collagen is a hetero or homotrimer, variably
composed ofal(IV), a2(V), ora3(V)chains. The exactrela-
tionship oftype Vcollagento thebasementmembrane is
not well defined. However, type V collagen has been
reported toact as ananchoringproteinofthe cell andits
basement membrane to the interstitial collagen below
(57,58).
Several molecules that specifically bindto collagen have
been isolated. A 47 kD cell surface receptor for type IV
collagen has been isolated by affinity chromatography
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from membrane preparations (59). A group of collagen
type 1 bindingproteins of250kD, 70kD, and30 kD have
beenisolated by affinity chromatography usinga matrix
ofnondenatured collagentype 1 andelutingwithan RGD-
containingpeptide (39). Anintegralmembraneproteogly-
can that binds collagen types 1 and 111 hasbeen isolated
from mouse mammary epithelial cells (60). This cell sur-
face proteoglyean is proposed to act as a receptor for in-
terstitial fibrillarbut notbasement membrane collagens.
Proteoglycans
Proteoglycans form a diverse group of ECM compo-
nents composed ofcore proteins withglycosaminoglyean
chains. There is considerable heterogeneity in the core
proteins and in the size, composition, and degree of sul-
fation ofthe side chains. This heterogeneity in both the
protein core andin theglycosaminoglyeans may affectthe
properties andfunctions oftheproteoglyeans and appears
to be tissue specific (61). Proteoglycans can also bind to
other ECM macromolecules such aslaminin, fibronectin,
and collagen type I (62,63). Additionally, proteoglycans
play a role in tissue-specific gene expression. Fujita and
colleagues have shownthatproteoglyeans from anumber
oftissue sources augment levels ofliver specific mRNAs
and reduce levels ofhousekeepinggene mRNAs invitro
(64).
Extracellular Matrix and Gene
Expression
Although it is clear that ECM affects gene expression
in avarietyofsystems, themolecularmechanisms respon-
sible forthis remainlargely unknown. Fromtotipotential
stem cells oftheearlyembryo arise all ofthe ectodermal,
endodermal, andmesodermal lineages. These determined
cells then differentiate to form the variety ofcells ofthe
embryo and the adult organism. Potential regulatory
events in this process involve initiation oftranscription,
elongation, RNA polyadenylation, splicing, transport,
mRNAstability, translation, andposttranslational events.
Studies ofgene expression in cultured cells havebeenpri-
marily done in mesenchymal cells that can survive and
differentiate on a plastic substratum, bathed in basal
medium supplemented with serum. However, epithelial
cells either fail to survive orquickly de-differentiate un-
der these conditions. These observations suggest that
epithelial cells require specific hormonal or growth fac-
tor signals not found in serum and that they require
specific ECM signals that the cells themselves are not
able to adequatelyprovide on tissue cultureplastic. The
ability to study theregulation ofdifferentiation under de-
fined hormonal and substrate conditions hasgreatly en-
hanced ourunderstanding ofthe mechanismsinvolvedin
these processes.
Role of the Extracellular Matrix in
Mammary Differentiation
There is considerable evidence thatboth ECM and hor-
monal components are involved in mammarygland mor-
phogenesis, growth, and differentiation. In this section,
we review data regarding the composition ofmammary
gland ECMandreviewsome ofthe resultsinourlabora-
tory and others regarding the role ofECM in mammary
differentiation. We then describe recent dataconcerning
the molecular mechanisms involved in the regulation of
mammary differentiation by ECM components.
Extracellular Matrix Composition of
the Mammary Gland
Immunohistochemical studies have demonstrated that
basement membrane composition and architecture
change duringmammary glandmorphogenesis (46,65,66).
In the virgingland, myoepithelial cellsforn acontinuous
layeraroundthe epithelial cells. These cells rest on a con-
tinuous basement membrane containing laminin, type IV
collagen, and heparan sulfate proteoglyean. Fibronectin,
type I and V collagen, and entactin are associated with
the interstitial connective tissue and are not in the base-
mentmembraneinthevirgingland. Withalveolargrowth
during pregnancy and lactation, the epithelial cells
directly abut the basement membrane, which remains
continuous. With involution, dissolution ofthe basement
membrane occurs (67). In order to design an experimen-
talmodelofinvolutioninvivo, ourlaboratoryhasusedcis-
hydroxyproline toinhibitcollagen deposition invivo inrat
mammary glands. In this model we provided evidence
that the continued deposition oftype IV collagen in the
basement membrane was necessaryfornormal mammary
growth and that dissolution ofthe basement membrane
led to mammary involution (68). We also demonstrated
that the administration ofcis-hydroxyproline to ratsbear-
ing DMBA-inducedmammary carcinomas ledto tumorin-
volution (69). Thus, an intact basement membrane is re-
quiredforthemaintenance ofarchitecture inthe normal
mammary gland and also is required for the growth of
well-differentiated mammary adenocarinomas. In addi-
tion, growth and attachment ofmammary cells in vitro
requires type IV collagen. We have shown that cis-
hydroxyproline reduces the attachment and growth of
mammary cells on type I but not type IV collagen sub-
strata (70). These findings suggest that basement mem-
brane components play animportantroleinthe morpho-
genesis and growth of the mammary gland.
Several studies have indicated that the synthesis and
deposition ofECM components by mammary epithelium
is influencedbyboth soluble factors and otherECM com-
ponents. Type IV collagen depositionbyvirginrat mam-
mary cells is hormone dependent (69). Glucocorticoids
suppress type IV collagenolytic activity, leading to in-
creased type IVcollagen deposition (71). In addition, ava-
riety ofgrowth factors, including epidermal growth fac-
torandmammary-derivedgrowthfactor-1 (72), modulate
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type IV collagen synthesis. TGF-beta, which has been
shown to regulate matrix synthesis, also acts as a nega-
tive growth control factor in the mammary gland (73).
Thus, basement membrane deposition, which is required
for mammary growth in vitro and in vivo, may be regu-
lated by soluble factors. Additionally, the synthesis and
deposition ofECM components bymammary epithelium
is also influenced by ECM components themselves. Thus,
it has been shown that the incorporation of SOI and
glucosamine into basement membrane proteoglyeans is
enhanced when mammary cells are cultured on floating
collagen gels in vitro. Pulse-chase studies have indicated
that this is partially due to reduced degradation (74,75).
Furthermore, Parry et al. have demonstrated that mam-
mary cells on floating collagen gels incorporate
glycosaminoglycans into an ECM whereas those on tis-
sue culture plastic or attached gels secrete most of the
synthesized glycosaminoglyeans into the medium (76).
Earlierinvestigations intotheregulationofmilkprotein
gene expression used organ cultures orprimary cultures
ofmammary cells onfloatinggels ofstromal collagen. Or-
gan cultures that maintain normal cell-cell and cell-ECM
contacts allow the investigation ofhormonal regulation of
milkproteingene expression(77-84)but arenotusefulfor
the analysis of the role of isolated ECM components in
milkproteingene expression. Primary cultures ofmam-
mary cells ontop oforembedded infloatingpadsoftypes
I and III collagen gels allowed the expression of some
milkproteins(85-93). Theabilityofcollagengels toinduce
and maintain mammary differentiation is associated with
contraction of the gels. If gel contraction is prevented
either by glutaraldehyde fixation or by leaving the gels
attached to the culture dish, the expression of differen-
tiated function isgreatly reduced(88-91). These observa-
tions led to the suggestion that cell shape changes in-
fluenced by gel contraction are necessary for the
expression of differentiated function. Alternatively, we
and others have proposed that the effects offloating col-
lagen gels may be directly due to the deposition ofbase-
ment membrane components by mammary cells on the
gels (94,95). Recently, studies have shown that cell polar-
ityis also critical inregulatingmammary differentiation.
This cell polarity may be influenced by the deposition of
ECM components by mammary cells (96).
Inorderto determine ifECM components couldinduce
milk protein gene expression, our laboratory has previ-
ouslyused an acellularbiomatrix derivedfrompregnant
rat mammary glands as a substratum for rat mammary
epithelium(95). Thisbiomatrix contains both stromal and
basement membrane components and has been found to
induce a-lactalbumin (a-LA) protein synthesis inprimary
rat mammary cultures. If the induction of milk protein
gene expression on collagen gels and on biomatrix were
due to basement membrane components, then one would
predict thatbasementmembrane componentsthemselves
would enhance the expression of milk protein genes.
Moreover, asindicatedabove, invivomammaryepithelial
cells restdirectly on abasement membrane composedof
laminin, type IV collagen, entactin, heparan sulfate pro-
teoglyeans, and otherglycoproteins. These observations
led our laboratory to investigate the effect ofbasement
membrane components onthe expression ofmilkprotein
genes in the rat mammary gland (97). These studies are
describedinmore detailbelow. Themammaryglandis an
excellent systemto studythe effect ofthese components
on differentiation since markers ofdifferentiation consist
of a well-defined group of milk protein genes.
Milk Proteins
Duringlactation, most ofthe protein secretory machin-
ery ofmammary epithelial cells is dedicated to the syn-
thesis of milk proteins. Approximately 80% of the milk
proteins thatare secreted arecaseins, afamilyofcalcium-
bindingphosphoproteins, which are secretedinto milk as
aggregates termed casein micelles. In the rat, a-casein is
synthesized as a doublet of43 kD and 41 kD, (3-casein is
25kDin size andy-caseinis a series ofbandsbetween 18
and22kD(98). The cDNAandgenomic sequences ofthe
caseins have been extensively characterized by Jeffrey
Rosen and his colleagues (99-102). Their studies indicate
that there has been considerable divergence in the se-
quence ofthese genes, with the exception ofthree highly
conserved structural domains, the signal sequence, the
casein kinase domain, andthe 5'noncoding sequences. In
addition to this structural divergence, Rosen and col-
leagues demonstrated that hormonal control of the ex-
pression ofthese genes is kinetically distinct. These in-
vestigators also demonstrated in organ cultures studies
that the lactogenic hormones prolactin, insulin, and
hydrocortisone regulate casein gene expression at both
the transcriptional and posttranscriptional levels (79).
Other important milk proteins include a-lactalbumin
(a-LA), which is a 20 to 21 kD protein in the rat which
functions as a cofactor for galactosyltransferase in the
synthesis ofthemajormilk sugarlactose andtransferrin,
the iron-bindingproteinthat also acts as agrowthfactor
and is secreted into milk (91). In the studies outlined in
the proceeding sections, we investigated the effects of
basement membrane components on casein, a-
lactalbumin, andtransferringeneexpression atboththe
mRNA and protein levels.
Effects of Basement Membrane
Components on Mammary
Differentiation
Sinceinvivomammaryepithelial cells rest onthebase-
ment membrane, we examined the effects of basement
membrane components on the expression ofmilkprotein
genes. We examinedthe effectsofagelofbasementmem-
brane components andtheisolatedbasementmembrane
component laminin on the expression of milk protein
genes in primary rat mammary cultures (97). Primary
mammary cells were cultured under serum-free hor-
monally defined conditions in the presence ofprolactin,
hydrocortisone, and insulin. We examined the effects of
these substrata on milkprotein gene expression at both
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the mRNAandproteinlevels. Abasementmembranegel
was prepared from the Engelbreth-Holm-Swarm tumor
as described by Kleinman et al. (103). This gel has been
shown to contain laminin, type IV collagen, entactin, nido-
gen, and heparan sulfate proteoglycan. Laminin, the ma-
jor ECM component ofthisgel, comprises 85% ofthe to-
tal protein. This gel is now marketed commercially as
Matrigel (Collaborative Research Inc.). Lamininwaspre-
pared as described by Timpl et al. (5) and its purity as-
sayed by SDS-PAGE and silver staining. In these experi-
ments a-LA was assessed by radioimmunoassays as we
have previously described (95). Caseins were assayed by
immunoprecipitation of"5S-methionine-labeled cultures.
Total casein synthesis representingthe sumofa-casein
in the cell layer and the medium was induced up to
160-fold on basement membrane gel relative to plastic.
Lesser effects ofa-casein expression were seen for cells
onfloatingcollagengel. Thepurifiedbasementmembrane
component laminin increased total steady-state a-casein
levels approximately 10-fold compared to tissue culture
plastic. a-Lactalbumin was measuredby radioimmunoas-
say. This protein was induced by 70-fold on basement
membrane gel compared to tissue culture plastic. Lami-
nin also had a significant although lesser effect on a-LA
production reaching 7-fold greater than tissue culture
plastic. On the basis ofthese experiments, wepostulated
that changes in steady-state levelsofmilkproteinexpres-
sion on ECM components could be due to changes inmilk
protein stability orsteady-state accumulation ofmilkpro-
tein mRNAs. In order to examine the level ofregulation,
we performed pulse-chase analysis of metabolically la-
beledimmunoprecipitatedmilkproteins, aswell as North-
ern analysis to assay steady-state mRNAs levels. Pulse-
chase analysis revealedthatthe ECM component laminin
decreases the intracellular turnover ofa-1 and a-2caseins,
as well as increasingthe secretion ofa-casein(97). The ef-
fect ofECM components on steady-state levels ofmRNA
was assessed by dot blot and Northern blot analysis. A
representative Northern blot is shown in Figure 2. By
this analysis, a-casein steady-state level ofmRNAwas in-
duced approximately 5-fold on laminin relative to tissue
culture plastic. This Northern blot analysis confirmed
that the a-casein mRNA was intact (97).
AnalysisusingcDNAs forP andy-casein indicatedthat
various milkprotein mRNAs are differentiallyregulated
by ECM substrata. Steady-state levels ofa and P casein
mRNAs accumulated up to 5-fold more on basement
membrane substrata than ontissue cultureplastic, while
a-LAmRNAlevels underthe same conditions were2-fold
greaterthan tissue culture plastic. In contrast, there was
no consistent induction ofy-casein mRNA by ECM sub-
strata (97). The induction of differentiated function by
ECM substrata was not due to changes in cell types or
cellgrowthsince underthese culture conditionstherewas
no significant cell growth and cell type distribution was
unaffected as determined using monoclonal antibody
markers (97). Fromthese studies, we concludedthatmilk
protein genes are not coordinately regulated by ECM
components. Furthermore, since the amount ofinduction
of milk proteins exceeded the amount of induction of
mRNAforthese proteins, we concluded that ECM com-
ponents includinglaminin act at the level ofsteady-state
accumulation ofmRNA in addition to acting at a trans-
lational orposttranslational level. Arecentpublication ex-
amining the effects ofbasement membrane components
on mouse mammarygland expression has also found that
ECM components can induce the expression of mouse
casein genes in a noncoordinate manner (104).
In orderto further examine molecularmechanisms in-
volvedintheinductionofmammarymilkproteingene ex-
pression by ECM components, we have concentrated on
the effects of the purified basement membrane compo-
nentlaminin. There are anumberofadvantages to using
this purified component, includingthe abilityto perfonn
labelingexperimentswithoutthe trappingprobleminher-
ent in gelled substrata. Furthermore, the use ofa puri-
fied component allows more detailed explorations of
mechanisms of action. Since we have isolated laminin
receptorsfrommammaryepithelial cells, thisenablesus
to examine signal transduction mechanisms involved in
the induction of differentiated function.
FIGURE 2. Northern blot oftotal cytoplasmic RNA. Total cytoplasmic
RNA was isolated from 6-day primary rat mammary cells cultured
on tissue cultureplastic (TC) orlaminin(LA)usingdetergent extrac-
tion. Equal amounts of total cytoplasmic RNA were loaded onto
denaturing agarose gel, size fractionated, transferred to nitrocellu-
losefilters, andhybridized with 32P-labeledcDNAprobe specific for
a-casein gene. a-Casein transcript of 1.4 kb was detected. Lanes (1)
TC, (2) LA, (LR) lactating RNA. The amount ofa-casein RNA was
quantitated by scintillation counting ofnitrocellulose filter and the
relative amountcalculated aspercentoflactating RNA. The ratio of
a-casein RNAfor LA versus TC isgiven and the standard deviation
noted as calculated on the basis of four experiments.
76EXTRACELLULAR MATRIX IN MAMMARY DIFFERENTIATION
Effects of Laminin on Casein mRNA
Northern blot analysis demonstrates that laminin in-
duces a-casein mRNA (approximately 5-fold) compared to
tissue culture plastic. This change in steady-state mRNA
could be due to changes in transcription rate or mRNA
stability. We have preliminary evidence that changes in
mRNAlevels areprimarily due to changes inmRNA sta-
bility. This was determined bypulse-chase analysis, label-
ing RNA with 3H-uridine as previously described (80).
Cultures were pulsed for 1 hr with 3H-uridine and then
chased in the presence of2 mM uridine and cytione. As
shown in Figure 3, the turnover of casein mRNA is ap-
proximately 3- to 5-fold morerapid ontissue cultureplas-
tic than on laminin substrata. In contrast, total mRNA
as indicated by poly A RNA turnover is unaffected by
ECM. From these studies we conclude that differences
in steady-state mRNA levels for the casein genes de-
tected on laminin can be explained by alterations in
mRNA half-life. Studies to determine whether laminin
also effects mRNA transcription are in progress.
Laminin Receptor and the
Cytoskeleton
Work in our laboratory and others has demonstrated
that laminin binds to the surface of a variety ofcells via
a specific 68 kD cell surface receptor. It has been sug-
gested that ECM may affect cell shape and the cytoskele-
ton. Sugrue and Hay demonstrated that when corneal
epithelial are removed from their basement membrane,
the basal cell surface forms numerous blebs that are as-
sociated with a disorganized cytoskeleton. Addition of
soluble matrix molecules such as laminin or fibronectin
causes actin to form filaments at the basal cell surface
(105). On the basis ofthese studies, it was postulated that
cells have transmembrane receptors capable ofmediating
the interaction of the ECM and the cytoskeleton. Work
in ourlaboratory hasprovided evidence that the laminin
receptor is such a molecule. The 68 kD laminin receptor
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FIGURE 3. Pulse-chase analysis of a-casein mRNA. 3H-labeled a-casein
mRNA onlaminin (-) and TO (@). 3H-rRNA on laminin([-0)
and TC (0-0). Percent ofTo 3H-labeled a-casein mRNA at 3, 12, and
24 hr following the 1-hr pulse is shown and the standard deviation
noted as calculated on the basis of two experiments.
protein purifiedby affinity chromatography is capable of
bundlingf-actinfilamentsinvitro(106). More recently, we
have demonstrated that laminin can be clustered on the
cell surface and that these clusters are resistant to deter-
gentextractionwithnonionic detergents, suggestingthat
they are linked to the cytoskeleton. Furthermore, when
we treatedthese cells with cytochalasin D, the association
of laminin with the detergent-resistant fraction was
reduced(107). Onthebasis ofthese experiments, we have
proposed amodel inwhichlaminin atthe cell surface can
cause rearrangement ofthe cellular cytoskeleton by the
clusteringofcell surfacelamininreceptorswhich, inturn,
interact with actin in the cytoskeleton.
Studiesfrom otherlaboratories have demonstratedthat
cell surface receptors for other ECM components may
alsobe capable ofinteractingwiththe cytoskeleton. The
fibronectin receptor, which can be iodinated and incorpo-
rated into liposomes, also appears to colocalize with ac-
tinfilaments atpoints ofcell contact with the substratum
(37,108,109). Additionally, fibronectin and actin appearto
form a close transmembrane association termed the
fibronexus (110). The CSAT antigen, which interacts with
bothlaminin andfibronectin, also interacts with the actin-
filament-associated protein talin (111). Rapraeger and
Bernfeld have provided evidence that the integral mem-
brane cell surface proteoglyean, which is a receptor for
interstitial collagens, is also capable of interacting with
the cytoskeleton (112). Hyaluronate, which is a principal
glycosaminoglycan ofthe ECM, binds to 3T3 cells via an
85kD integral membrane glycoprotein. This hyaluronate
receptor has been shown to be associated with a
cytoskeleton-rich detergent-resistant fraction, suggesting
that the receptor is associated with actin or related pro-
teins (113). Thken together, these studies demonstrate
thatcells havemultiple ECMreceptorsthatappeartobe
transmembrane proteins capable ofinteractingwith the
cellular cytoskeleton.
Onthebasis ofevidence thatmammaryepithelial cells
interact with laminin via a 68 kD receptor and that this
receptor is capable ofinteracting with the cytoskeleton,
we postulated thatlaminin effects onmammary differen-
tiationmightbemediated viathe cytoskeleton. Therefore,
we investigated the effects ofthe cytoskeletal disrupting
agents, cytochalasin D and colchicine on laminin-induced
milk protein mRNA, and protein expression in primary
ratmammary cultures. Cytochalasin D inhibits actinpoly-
merization, while colchicine prevents microtubule poly-
merization(114-118). Intheseexperiments we measured
the milk proteins a-casein and transferrin by im-
munoprecipitation, as well as the mRNAs for these pro-
teinsby Northernblotanalysis. These experiments dem-
onstrated that treatment oflaminin-based cultures with
eithercytochalasin D orcolchicine reducedthelevel ofex-
pression ofa-casein and transferrin to levels below that
detectedin cultures ontissue cultureplastic dishes inthe
absence ofcytoskeletal inhibitors(Fig. 4A,B). We also as-
sessed the effect of the cytoskeletal inhibitors on
a-lactalbumin production. As shown in Figure 4C,
cytochalasin Dreducedthelevelofa-lactalbumin onlami-
nin to below that detected on tissue culture plastic. The
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effect ofthese inhibitors on the milk protein expression
was not due to general effects onprotein synthesis. This
was determined by examining the effects of these com-
pounds on TCAprecipitable counts (Fig. 4D) and, further-
more, on total protein synthesis as assessed by one-
dimensional andtwo-dimensionalgelelectrophoresis(data
not shown). These experiments demonstrate that
cytochalasin D and colchicine have only minor effects on
totalprotein synthesis. Furthermore, SDSgel electropho-
resis analysis showed that the majority ofproteins were
unaffected bythese compounds. In contrast, the induction
ofmilkproteingenes induced bylaminin wascompletely
abrogated by cytoskeletal inhibitors.
Effects of Cytoskeletal Inhibitors on
Milk Protein mRNA Accumulation
Inorderto determine whetherthe decrease inmilkpro-
tein gene expression resulting from the addition of
cytoskeletal inhibitors was due to decreased mRNA ac-
cumulation for these proteins, we performed Northern
i
a 1 CASEIN (a)
161-
12F
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blot analysis. As we have previously described, the
steady-state level of the milk protein mRNAs were in-
creased onlaminin substrata compared to tissue culture
plastic. Both cytochalasin D and colchicine caused a
markedreduction inthe steady-state levels ofmRNAfor
each ofthese milkprotein genes. In the presence ofthese
inhibitors, steady-state levels ofmRNA on laminin sub-
stratawereconsiderablybelowthosefoundontissue cul-
ture plastic in the absence ofcytoskeletal inhibitors (Fig.
5). These experiments suggest that the effects of
cytoskeletal disrupting agents on laminin-induced milk
proteingene expression occurpredominantlyatthe level
of accumulation of mRNAs for these proteins.
Effects of Cytoskeletal Inhibitors on
mRNA Stability
Previous experiments have suggestedthatthe increase
in steady-state accumulation ofmRNAformilkproteins
on laminin substrata compared to tissue culture plastic
could be accounted for by stabilization ofthese mRNA.
Since treatment ofcultures with cytoskeletal disrupting
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FIGURE 4. Effect of cytoskeletal inhibitors on milk protein and total protein synthesis. Mammary cells were maintained in culture for 6 days, then
treated with cytochalasin D21M orcolchicine 1 HM for24 hr. The cultures weremetabolically labeled with 35S-methionine for 1 hr, and the medium
and cell lysates were harvested. Equivalent TCA precipitable counts of35S-methionine labeled medium(cross-hatched) and cell lysates(open) were
immunoprecipitated, electrophoresed, dried, and fluorograms were obtained. a-Casein (a) and transferrin (b) bands were excised and counted. The
mean amount ofinduction of(a) a-casein and (b) transferrin relative to that of cells on plastic dishes is shown. A unit of 1 is assigned to each of
the medium and cell lysates on tissue culture plastic. Values are the mean ofthree to four experiments. Parallel cultures were assayed for (c) a-
lactalbumin by a radioimmunoassay (95) and normalized for cell number(97). The mean amount ofinduction ofa-LA synthesis relative to that of
cells on plastic from fourto nine experiments is shown. Duplicate aliquots from "S-methionine-labeled cultures described in(a) and (b) were used
for TCA precipitation. The mean amount of induction ofTCA precipitable counts relative to that ofcells on plastic from three to nine separate
experiments and normalized for cell number is shown in (d). P1, tissue culture plastic; Lam, laminin; CD, cytochalasin D; Col, colchicine. Error
bars indicate the standard error of the mean.
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FIGURE 5. Effect ofcytoskeletal inhibitors on the steady state accumu-
lation ofmilkprotein mRNAs. RNA isolated from primary rat mam-
mary cell cultures on plastic or laminin in the presence or absence
of cytoskeleton inhibitors was size fractionated on formaldehyde-
agarose gels, transferred to nitrocellulose, and hybridized to 32P nick-
translated cDNAs for rat a-casein, rat transferrin, and mouse a-
lactalbumin. Equal amounts (4,ug) ofRNA were loaded in each lane.
Lanes (a) plastic (1) and laminin (2) controls; plastic (3) and laminin
treated with cytochalasin D (4), lactating mammary gland RNA (5);
perphenazine stimulated mammarygland RNA (6); virgin mammry
gland RNA (7).
agents reduced the steady-state accumulation ofmRNAs,
we examinedthe effect ofthese inhibitors onmRNAturn-
over. mRNA was labeledbypulsing cells with 3H-uridine
and chasing with or without cytochalasin D. As can be
seen in Figure 6, addition of cytochalasin D during the
chase period increased the turnover of a-casein mRNA.
These experiments suggest that the predominant effect
ofboth laminin and cytoskeletal inhibitors on milkprotein
mRNA accumulation occur at the level ofmRNA stabil-
ity. Taken together, these data suggest that the cytoskele-
ton may serve to stabilize these mRNA species. Penman
and colleagues have previously shown that mRNAs and
polysomes are associated with the cytoskeleton. Further-
more, they demonstrated that treating cells with
cytochalasin D releases mRNA fromthe cytoskeleton and
reducesprotein synthesis (119-121). Bonneau et al. have
also provided evidence forassociation ofspecific mRNAs
with the cytoskeleton (122). In our system, the increase
in the steady-state mRNA levelfor a-casein mayprimar-
ily reflect mRNA stabilization by the cytoskeleton. In-
deed, preliminary experiments in ourlaboratoryusing de-
tergent extraction to characterize mRNAs associated
with the cytoskeleton indicate that in differentiating
mammary cells invitro over90% ofcaseinmRNA are as-
sociated with the cellular cytoskeleton. The observation
that cytoskeletal inhibitors affect theexpression ofa small
- 0
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FIGURE 6. Turnover ofa-casein mRNA in the presence ofcytochalasin
D. Pulse-chase analysiswasperformedas described inthe legend to
Fig. 2, except thatthe chase was performed in the presence of2mM
cytochalasin D (CD) over a period of 5 hr using cells cultured on
laminin-coated dishes. Levels of3H-labeled a-casein RNA were mea-
sured as described in Fig. 2 legend and plotted as percent of 3H-
labeled a-casein mRNA at time 0. a-Casein mRNA levels in the ab-
sence ofCD(U) and in the presence ofCD(@). Turnoverof28S
rRNA is shown in the absence ofCD (0-0) and in the presence of
CD (0-0).
subset oftotalproteins suggests thattheremaybe selec-
tive associations ofspecific mRNAs with the cytoskele-
ton. Alternately, the selective effects ofcytoskeletal in-
hibitors may reflect intrinsic differences in the stability
ofmRNAs released upon depolymerization ofthe cellu-
lar cytoskeleton. Experiments to distinguish these pos-
sibilities are in progress.
Mechanism of Laminin-Induced
Mammary Differentiation
On the basis ofthe experiments described in this chap-
ter, weproposethefollowingmodeltoaccountforlaminin-
induced mammary differentiation (Fig. 7). We postulate
thatlaminininteracts with specifictransmembrane recep-
tors on mammary epithelial cells that are capable of in-
teracting with the cellular cytoskeleton. The interaction
ofthese receptors with laminin on the basal cell surface
establishes cellpolarity. Furthermore, the orientation of
laminin receptors onthe cell surface mayfacilitate the or-
ganization of the cellular cytoskeleton. The cellular
cytoskeleton in turn may influence gene expression at a
varietyoflevels. Thepredominanteffectinoursystem ap-
pearstobe stabilization ofmRNAs. Thus, the ECM may
serve to stabilize the expressionofgeneswhosetranscrip-
tion is regulated by soluble factors and hormones. The
mammary system serves as auseful modeltounderstand
7980 BLUM, ZEIGLER, AND WICHA
2 2
N~~~~~~~~~~~~~~
3/ Cn) )
PM ~W-AP
LA TC
FIGURE 7. Schematic ofpathways involved in the stabilization of a-casein mRNA by laminin. Pathways: (1) Maturation and transport of a-casein in
mRNA to the cytoplasm; (2) Association of a-casein mRNA with ribosomes to form polysomes that are localized on cytoskeletal structures; (3),
(4). Degradation of a-casein mRNA either prior to cytoskeletal attachment (4) or following association with the cytoskeleton (3).
the molecular mechanisms ofregulation ofgene expres-
sion by the ECM.
This studywas supported bygrantsGM-37091 and F32 HD.06710from
the NIH and BC-357 from the American Cancer Society. The authors
thank George Lowrie for excellent technical assistance.
REFERENCES
1. Kefalides, N. A. Isolation ofacollagen frombasement membranes
containing three identical a-chains. Biochem. Biophys. Res. Com-
mun. 45: 226-234 (1971).
2. Farquhar, M. G. Theglomerularbasement membrane. In: Cell Bi-
ology ofExtracellular Matrix (E. Hay, Ed.), Plenum Press, New
York, 1981, pp. 335-378 (1981).
3. Hassell, J. R., Robey, P. G., Barrach, H-J., Wilezek, J., Rennard,
S. I., and Martin, G. R. Isolation of a heparan sulfate-containing
proteoglycan frombasementmembrane. Proc. Natl. Acad. Sci. (US)
77: 4494-4498 (1980).
4. Kleinman, H. K., McGarvey, M. L., Liotta, L. A., Robey, P. G.,
Tryggvason, K., and Martin, G. R. Isolation and characterization
oftype IVprocollagen, laminin, andheparan sulfate proteoglyean
from the EHS sarcoma. Biochemistry 21: 6188-6193 (1982).
5. Timpl, R., Rohde, H., Robey, P. G., Rennard, S. I., Foidart, J. M.,
and Martin, G. R. Laminin-aglycoprotein from basement mem-
branes. J. Biol Chem. 254: 9933-9937 (1979).
6. Timpl, R., Martin, G. R., Bruckner, P., Wick, G., and Wiede-
mann, H. Nature ofthe collagenous protein in a tumorbasement
membrane. Eur. J. Biochem. 84: 43-52 (1978).
7. Chiquet-Ehrismann, R., Mackie, E. J., Pearson, C. A., and
Sakakura, T. Tenascin: Anextracellularmatrixprotein involved in
tissue interactions duringfetal development andoncogenesis. Cell
47: 131-139 (1986).
8. Aufderheide, E., Chiquet-Ehrisman, R., andEkblom, P. Epithelial-
mesenchymal interactionsinthe developing kidney lead to expres-
sionoftenascininthemesenchyme J. Cell Biol. 105:599-608(1987).
9. Erickson, H. P., and Taylor, H. C. Hexabrachion proteins in em-
bryonic chicken tissues and human tumors. J. Cell Biol. 105:
1387-1394 (1987).
10. Campbell, A. D., Long, M. W, and Wicha, M. S. Haemonectin, a
bone marrowadhesionprotein specificforcellsofgranulocytic line-
age. Nature 329: 744-746 (1987).
11. von derMark, K., and Kuhl, U. Laminin anditsreceptor. Biochim.
Biophys. Acta. 823: 147-160 (1985).
12. Kurkinen, M., Barlow, D. P., Jenkins, J. R., and Hogan, B. L. M.
In vitro synthesis of laminin and entactin polypeptides. J. Biol.
Chem. 258: 6543-6548 (1983).
13. Shibata, S, Peters, B P., Roberts, D. D., Goldstein, I. J., and Liotta,
L. A. Isolation oflamininfromthe EHStumorusingGS-IB4isolec-
tin. FEBS Lett. 142: 194-199 (1982).
14. Engel, J., Odermatt, E., Engel, A., Madri, J. A., Furthmayr, H.,
Rohde, H., and Timpl, R. Shapes, domain organizations and flexi-
bility oflaminin and fibronectin, twomultifunctional proteins ofthe
extracellular matrix. J. Mol. Biol. 150: 97-120 (1981).
15. Rao, C. N.,Margulies, I. M. K.,Tralka,T. S.,Thrranova, V. R,Madri,
J. A., and Liotta, L. A. Isolation ofasubunit oflaminin andits role
in molecular structure and tumor cell attachment. J. Biol. Chem.
257: 9740-9744 (1982).
16. Graf, J., Iwamoto, Y., Sasaki, M., Martin, G., Kleinman, H. K.,
Robey, F. A., and Yamada, Y. Identification of an amino acid se-
quence in laminin mediating cell attachment, chemotaxis, and
receptor binding. Cell 48: 989-996 (1987).
17. Edgar, D., Tlmpl, R., andThoenen, H. Theheparin-bindingdomain
oflaminin is responsible for its effects on neurite outgrowth and
neuronal survival. EMBO J. 3: 1463-1468 (1984).
18. Goodman, S. L., Deutzmann, R., and von der Mark, K. Two dis-
tinct cell-binding domains in laminin can independently promote
nonneuronal cell adhesion and spreading. J. Cell Biol. 105: 589-598
(1987).
19. Yurchenco, P. D., Tsilibary, E. C., Charonis, A. S., and
Furthmayr, H. Lamininpolymerization invitro J. Biol. Chem. 260:
7636-7644 (1985).
20. Sakashita, S., Engvall, E., and Ruoslahti, E. Basementmembrane
glycoprotein laminin binds to heparin. FEBS Lett. 116: 243-246
(1980).
21. Charonis, A. S., Tsilibary, E. C., Yurchenco, P. D., Furthmayr, H.,
and Coritz, A. Binding oflaminin to type IV collagen: Amorpho-
logical study. J. Cell Biol. 100: 1848-1853 (1985).
22. Woodley, D. T., Rao, C. N., Hassell, J. R., Liotta, L. A., Martin,
G. R., and Kleinman, H. K. Interactions ofbasement membrane
components. Biochim. Biophys. Acta. 761: 278-283 (1983).EXTRACELLULAR MATRIX IN MAMMARY DIFFERENTIATION 81
23. Malinoff, H. L., and Wicha, M. S. Isolation ofa cell surface recep-
torprotein forlaminin from murine fibrosarcoma cells. J. Cell Biol.
96: 1475-1479 (1983).
24. Terranova, V. P., Rao, C. N., Xalebic, T., Margulies, I. M., and Liot-
ta, L. A. Laminin receptor on humanbreast carcinomacells. Proc.
Natl. Acad. Sci. (U.S.) 80: 444-448 (1983).
25. Lesot, H., Kuhl, U., and von der Mark, K. Isolation ofa laminin-
bindingprotein from muscle cell membranes. EMBO J. 2: 861-865
(1983).
26. Rao, N. C., Barsky, S. H., Terranova, V. P., and Liotta, L. A. Isola-
tion ofatumorcell laminin receptor. Biochem. Biophys. Res. Com-
mun. 111: 804-808 (1983).
27. Yoon, P. S., Boxer, L. A., Mayo, L. A., Yang, A. Y, andWicha, M. S.
Humanneutrophil laminin receptors: Activation-dependent recep-
tor expression. J. Immunol. 138: 259-265 (1987).
28. Huard, T. K., Malinoff, H. L., and Wicha, M. S. Macrophages ex-
press aplasma membrane receptorforbasement membrane lami-
nin. Am. J. Pathol. 123: 365-370 (1986).
29. Wewer, U. M., Liotta, L. A.,Jaye, M., Ricca, G. A., Drohan, W N.,
Claysmith, A. P., Rao, C. N., Wirth, P., Coligan, J. E., Albrecht-
sen, R., Mudryj, M., and Sobel, M. E. Altered levels of laminin
receptor mRNA in various human carcinoma cells that have dif-
ferent abilities to bind laminin. Proc. Natl. Acad. Sci. (U.S.) 83:
7137-7141 (1986).
30. Roberts, D. D., Rao, C. N., Magnani, J. L., Spitalnik, S. L., Liotta,
L. A., and Ginsberg, V. Laminin binds specifically to sulfated
glycolipids. Proc. Natl. Acad. Sci. (U.S.) 82: 1306-1310 (1985).
31. Horwitz, A., Duggan, K., Greggs, R., Decker, C., and Buck, C. The
cell substrate attachment(CSAT)antigenhasproperties ofarecep-
torforlamininandfibronectin. J. Cell Biol. 101: 2134-2144 (1985).
32. Ruoslahti, E., Engvall, E., and Hayman, E. G. Fibronectin: Cur-
rent concepts ofits structure and functions. Colloid Res. 1: 95-128
(1981).
33. Hynes, R. O., and Yamada, K. M. Fibronectins: multifunctional
modular glycoproteins. J. Cell Biol. 95: 369-377 (1982).
34. Pierschbacher, M., Hayman, E. G., and Ruoslahti, E. Syntheticpep-
tide with cell attachment activity offibronectin. Proc. Natl. Acad.
Sci. (U.S.) 80: 1224-1227 (1983).
35. Pierschbacher, M. D., and Ruoslahti, E. Cell attachment activity
offibronectin canbeduplicated bysmall syntheticfragmentsofthe
molecule. Nature 309: 30-33 (1984).
36. Ruoslahti, E., and Pierschbacher, M. D. Arg-gly-asp: A versatile
cell recognition signal. Cell 44: 517-518 (1986).
37. Pytela, R., Pierschbacher, M. D., and Ruoslahti, E. Identification
and isolation ofa 140kd cell surface glycoprotein with properties
expected of a fibronectin receptor. Cell 40: 191-198 (1985).
38. Pytela, R., Pierschbacher, M. D., and Ruolahti, E. A 125/115-kDa
cell surface receptor specific for vitronectin interacts with the
arginine-glycine-aspartic acid adhesion sequence derived from
fibronectin. Proc. Natl. Acad. Sci. (U.S.) 82: 5766-5770 (1985).
39. Dedhar, S., Ruoslahti, E., andPierschbacher, M. D. Acell surface
receptor complex for collagen type I recognizes the Arg-Gly-Asp
sequence. J. Cell Biol 104: 585-593 (1987).
40. Hynes, R. 0. Integrins: Afamily ofcell surface receptors. Cell 48:
549-554 (1987).
41. Plow, E. F., Pierschbacher, M. D., Ruoslahti, E., Marguerie G. A.,
andGinsberg, M. H. The effect ofArg-Gly-Asp-containing peptides
onfibrinogen andvonWlllebrandfactorbindingtoplatelets. Proc.
Natl. Acad. Sci. (U.S.) 82: 8057-8061 (1985).
42. Pyetela, R., Pierschbacher, M. D., Ginsberg, M., Plow, E. F., and
Ruoslahti, E. Plateletmembrane glycoprotein llb/llla: Member of
a family of arg-gly-asp-specific adhesion receptors Science 231:
1559-1562 (1986).
43. Carlin, B,Jaffe, R., Bender, B., andChung, A. E. Entactin, anovel
basal lamina-associated sulfatedglycoprotein. J. Biol. Chem. 256:
5209-5214 (1981).
44. Kleinman, H. K., McGarvey, M. L., Hassell, J. R., Star, V. L., Can-
non, F. B., Laurie, G. W., and Martin, G. R. Basement membrane
complexes withbiological activity. Biochemistry 25: 312-318(1986).
45. Durkin, M. E., Carlin, B., Vergnes, J., Bartos, B., Merlie, J., and
Chung, A. E. Carboxyl-terminal sequence ofentactindeduced from
a cDNA clone. Proc. Natl. Acad. Sci. (U.S.) 84: 1570-1574 (1987).
46. Warburton, M. J., Monaghan, P., Ferns, S. A., Rudland, P. S.,
Perusinghe, N., and Chung, A. E. Distribution ofentactin in the
basement membrane ofthe ratmammarygland. Exp. Cell Res. 152:
240-254 (1984).
47. Timpl, R., Dziadek, M., Fujiwana, S., Nowak, H., and Wick, G.
Nidogen: A new, self-aggregating basement membrane protein.
Eur. J. Biochem. 137: 455-465 (1983).
48. Dziadek, M., andTimpl, R. Expression ofnidogen andlaminin in
basement membranes during mouse embryogenesis and in ter-
atocarcinoma cells. Dev. Biol. 111: 372-382 (1985).
49. Hay, E. D., Ed. Cell Biology ofExtracellular Matrix. PlenumPress,
New York, 1981.
50. Fleischmajer, R., Olsen, B. R., and Kuhn, K., Eds. Biology, Chemis-
try, and Pathology ofCollagen. Ann. N. Y. Acad. ofSci. 460: 1-52
(1985).
51. Kefalides, N. A., Alper, R., and Clark, C. C. Biochemistry andme-
tabolism of basement membranes. Int. Rev. Cytol. 61: 167-226
(1979).
52. Bornstein, P., and Sage, H. Structurally distinct collagen types.
Annu. Rev. Biochem. 49: 957-1003 (1980).
53. Kleinman, H. K., Klebe, R. J., andMartin, G. R. Role ofcollagenous
matrices in the adhesion and growth of cells. J. Cell Biol. 88:
473-485 (1981).
54. Tryggvason, K., Robey, P. G., and Martin, G. R. Biosynthesis of
type IV procollagens. Biochemistry 19: 1284-1289 (1980).
55. Timpl, R., Wiedemann, H. H., Van Delden, V., Furthmayr, H., and
Kuhn, K. A network model for the organization oftype IV colla-
gen molecules in basement membranes. Eur. J. Biochem. 120:
203-211 (1981).
56. Laurie, G. W, Kleinman, H. K., Hassell, J. R., Martin, G. R., and
Feldman, R. J. Basement membrane organization suggested by
combination oflaminin and heparan sulfate proteoglyean binding
siteswith 'opennetwork' and 'polygonal' models oftype IV colla-
gen. J. Cell Biol. 101: 259a (1985).
57. Martinez-Hernandez, A., Gay, S, and Miller, E. J. Ultrastructural
localization oftype V collagen inrat kidney. J. Cell Biol. 92: 343-349
(1982).
58. Modesti, A., Kalebic, T., Scarpa, S., Togo, S., Grotendorst, G.,
Liotta, L. A., and Triche, T. J. Type V collagen in human amnion
is a 12nmfibrillar component ofthepericellular interstitium. Eur.
J. Cell Biol. 35: 246-255 (1984).
59. Kurkinen, M., Taylor, A., Garrels, J. I., and Hogan, B. L. M. Cell
surface-associated proteins whichbindnative type IV collagen or
gelatin. J. Biol. Chem. 259: 5915-5922 (1984).
60. Koda, J. E., Rapraeger, A., and Bernfield, M. Heparan sulfate pro-
teoglyeans from mouse mammary epithelial cells. J. Biol. Chem.
260: 8157-8162 (1985).
61. Hook, M., Kjellen, L., Johansson, S., and Robinson,J. Cell-surface
glycosaminoglycans. Annu. Rev. Biochem. 53: 847-868 (1984).
62. Del Rosso, M., Cappelletti, R. Viti, M., Vannucchi, S., and
Chiarugi, V. Binding ofthe basement-membrane glycoprotein lami-
nin to glycosaminoglycans. Biochem. J. 199: 699-704 (1981).
63. Stamatoglou, S. C., and Keller, J. M. Interactions of cellular
glycosaminoglycans with plasma fibronectin and collagen. Biochim.
Biophys. Acta 719: 90-97 (1982).
64. Fujita, M., Spray, D. C.,Choi, H., Saez, J. C.,Watanabe, T., Rosen-
berg, L. C., Hertzberg, E. L., and Reid, L. M. Glycosaminoglycans
andproteoglycans induce gapjunction expression and restore tran-
scription oftissue-specificmRNAsinprimarylivercultures. Hepa-
tology 7: 1S-9S (1987).
65. Warburton, M.J., Mitchell, D.,Ormerod, E. J., and Rudland, P. Dis-
tribution ofmyoepithelial cells andbasement membraneproteins
in the resting, pregnant, lactating and involuting rat mammary
gland. J. Histochem. Cytochem. 30: 667-676 (1982).
66. Warburton, M. J., Monaghan, P., Ferns, S. A., Hughes, C. M., and
Rudland, P. S Distribution andsynthesis oftype Vcollageninthe
ratmammarygland. J. Histochem. Cytochem. 31: 1265-1273(1983).
67. Martinez-Hernandez, A., Fink, L. M., and Pierce, G. B. Removal
ofbasement membrane in the involuting breast. Lab. Invest. 34:
455-462 (1976).
68. Wicha, M. S., Liotta, L. A., Vonderhaar, B. K., andKidwell,W. R.
Effects ofinhibition ofbasement membrane collagen deposition on
rat mammary gland development. Dev. Biol. 80: 253-266 (1980).
69. Liotta, L. A., Wicha, M. S., Foidart, J. M., Rennard, S. I.,82 BLUM, ZEIGLER, AND WICHA
Garbisa, S., and Kidwell, W. R. Hormonal requirements for base-
ment membrane collagen deposition by cultured rat mammary
epithelium. Lab. Invest. 41: 511-518 (1979).
70. Wicha, M. S., Liotta, L. A., Garbisa, S., and Kidwell, W. R. Base-
ment membrane collagen requirements for attachment andgrowth
of mammary epithelium. Exp. Cell Res. 124: 181-190 (1979)
71. Salomon, D. S., Liotta, L. A., and Kidwell, W. R. Differential re-
sponse togrowthfactorby ratmammaryepithelium plated on dif-
ferent collagen substratain serum-free medium. Proc. Natl. Acad.
Sci. (U.S.) 78: 382-386 (1981).
72. Kidwell, W. R., Mohanam, S., and Salomon, D. S, Extracellular ma-
trix effects on growth factor receptors. Proc. Am. Assoc. Cancer
Res. 27: 2232 (1986).
73. Sporn, M. B., Roberts, A. B., Wakefield, L. M., and deCrom-
brugghe, B. Some recent advances inthe chemistry andbiology of
transforminggrowth factor-beta. J. Cell Biol. 105: 1039-1045(1987).
74. David, G., and Bernfield, M. Lype I collagen reduces the degra-
dation ofbasal lamina proteoglycan by mammary epithelial cells.
J. Cell Biol. 91: 281-286 (1981).
75. David, G., and Bernfield, M. R. Collagen reduces glycosaminogly-
can degradation by cultured mammary epithelial cells: Possible
mechanismforbasal laminaformation. Proc. Natl. Acad. Sci. (U.S.)
76: 786-790 (1979).
76. Parry, G., Lee, E. Y-H., Farson, D., Koval, M., and Bissell, M. J.
Collagenous substrata regulate the nature and distribution of
glycosaminoglycans producedby differentiated cultures ofmouse
mammary epithelial cells. Exp. Cell Res. 156: 487-499 (1985).
77. Chomczynski, R, Qasba, R, and Topper, Y. J. Essential role ofin-
sulin intranscription ofthe rat25,000molecularweight caseingene.
Science 226: 1326-1328 (1984).
78. Hobbs, A. A., Richards, D. A., Kessler, D.J., and Rosen, J. M. Com-
plex hormonal regulation of rat casein gene expression. J. Biol.
Chem. 257: 3598-3605 (1982).
79. Guyete, W. A., Matusik, R. J., and Rosen, J. M. Prolactin-mediated
transcriptional andpost-transcriptional control ofcaseingene ex-
pression. Cell 17: 1013-1023 (1979).
80. Rosen, J. M., Matusik, R. J., Richards, D. A., Gupta, P., and
Rodgers, J. R. Multihormonal regulation ofcasein gene expression
at the transcriptional and posttranscriptional levels in the mam-
mary gland. Rec. Prog. Hormone Res. 36: 157-193 (1980).
81. Ganguly, R., Majumder, P. K., Ganguly, N., and Banerjee, M. R.
Themechanism ofprogesterone-glucocorticoid interaction in reg-
ulation of casein gene expression. J. Biol. Chem. 257: 2182-2187
(1982).
82. Mehta, N. M., Ganguly, N., Ganguly, R., and Banerjee, M. R. Hor-
monal modulation of the casein gene expression in a
mammogenesis-lactogenesis culture model ofthe whole mammary
gland ofthe mouse. J. Biol. Chem. 255: 4430-4434 (1980).
83. Devinoy, E., Houdebine, L. M., and Delouis, C. Role ofprolactin
andglucocorticoids intheexpression ofcaseingenes inrabbitmam-
mary gland organ culture Biochim. Biophys. Acta 517: 360-366
(1978).
84. Teyssot, B., and Houdebine, L. M. Role of progesterone and
glucocorticoids in the transcription of the P-casein and 28-S
ribosomal genes in the rabbit mammary gland. Eur. J. Biochem.
114: 597-608 (1981).
85. Emerman, J. T., and Pitelka, D. R. Maintenance and induction of
morphological differentiation in dissociated mammary epithelium
on floating collagen membranes. In Vitro 13: 316-328 (1977).
86. Emerman, J. T., Burwen, S. J., and Pitelka, D. R. Substrate proper-
ties influencing ultrastructural differentiation of mammary
epithelial cells in culture. Tissue & Cell 11: 109-119 (1979).
87. Burwen, S. J., and Pitelka, D. R. Secretory function oflactating
mousemammaryepithelial cellscultured oncollagengels. Exmp Cell
Res. 126: 249-262 (1980).
88. Shannon, J. M., and Pitelka, D. R. The influence ofcell shape on
the induction offunctional differentiation in mouse mammary cells
in vitro. In Vitro 17: 1016-1028 (1981).
89. Haeuptle, M-T., Suard, Y. L. M., Bogenmann, E., Reggio, H., Ra-
cine, L., and Kraehenbuhl, J-P. Effect ofcell shape change on the
function and differentiation ofrabbit mammary cells in culture. J.
Cell Biol. 96: 1425-1434 (1983).
90. Suard, Y M. L., Haeuptle, M-T., Farinon, E., andKraehenbuhl, J-P
Cell proliferation andmilkprotein gene expressionin rabbit mam-
mary cell cultures. J. Cell Biol. 96: 1435-1442 (1983).
91. Lee, E. Y-H., Parry, G., and Bissell, M. J. Modulation ofsecreted
proteins ofmouse mammary epithelial cells bythe collagenous sub-
strata. J. Cell Biol. 98: 146-155 (1984).
92. Lee, E. Y-H. R, Lee, W H., Kaetzel, C. S., Parry, G., and Bissell, M.
Interaction ofmouse mammary epithelial cells with collagen sub-
strata: Regulation ofcasein gene expression and secretion. Proc.
Natl. Acad. Sci. (U.S.) 82: 1419-1423 (1985).
93. Rocha, V., Ringo, D. L., and Read, D. B. Casein production during
differentiation ofmammary epithelial cells in collagengel culture.
Exp. Cell Res. 159: 201-210 (1985).
94. Ormerod, E. J., Warburton, M. J., Hughes, C., and Rudland, P. S.
Synthesis of basement membrane proteins by rat mammary
epithelial cells. Dev. Biol. 96: 269-275 (1983).
95. Wicha, M. S., Lowrie, G., Kohn, E., Bagavandoss, P, and Mahn, T.
Extracellular matrix promotes mammary epithelial growth and
differentiation in vitro. Proc. Natl. Acad. Sci. (U.S.) 79: 3213-3217
(1982).
96. Parry, G., Cullen B., Kaetzel, C. S., Kramer R., andMoss, L. Reg-
ulation of differentiation and polarized secretion in mammary
epithelial cells maintained in culture: Extracellular matrix and
membrane polarity influences. J. Cell Biol. 105: 2043-2051 (1987).
97. Blum, J. L., Zeigler, M. E., andWicha, M. S. Regulationofrat mam-
mary gene expression by extracellular matrix components. Exp.
Cell Res. 173: 322-340 (1987).
98. Kaetzel, C., and Ray, D. B. Immunochemical characterization with
monoclonal antibodies ofthree major caseins and alpha-lactalbumin
from rat milk. J. Dairy Sci. 67: 64-75 (1984).
99. Richards, D. A., Blackburn, D. E., and Rosen, J. M. Restriction en-
zyme mapping and heteroduplex analysis of the rat milk protein
cDNA clones. J. Biol. Chem. 256: 533-538 (1981).
100. Richards, D. A., Rodgers, J. R., Supowit, S. C., and Rosen, J. M.
Construction and preliminary characterization ofthe rat casein and
a-lactalbumin cDNA clones. J. Biol. Chem. 256: 526-532 (1981).
101. Yu-Lee, L-Y., and Rosen, J. M. The rat casein multigene family. J.
Biol. Chem. 258: 10794-10804 (1983).
102. Jones, W. K., Yu-Lee, L-Y., Clift, S. M., Brown, T. L., and Rosen,
J. M. The ratcaseinmultigenefamily. J. Biol. Chem. 260: 7042-7050
(1985).
103. Kleinman, H. K., McGarvey, M. L., Hassell, J. R., Martin, G. R.,
Baron Van Evercorren, A., and Dubois-Dalcq, M. The role oflami-
nin in basement membranes and in the growth, adhesion and
differentiation ofcells. In: The Role ofthe Extracellular Matrix in
Development (R. L., Trelstad, Ed.), A. R. Liss, New York, 1984,
pp. 123-143.
104. Li, M. L., Aggeler, J., Farson, D. A., Hatier, C., Hassell, J., and Bis-
sell, M. J. Influence ofareconstituted basement membrane and its
components on casein gene expression and secretion in mouse
mammary epithelial cells. Proc. Natl. Acad. Sci. (U.S.) 84: 136-140
(1987).
105. Sugrue, S. P., and Hay, E. D. Response ofbasal epithelial cell sur-
face and cytoskeleton to solubilized extracellular matrixmolecules.
J. Cell Biol. 91: 45-54 (1981).
106. Brown, S. S., Malinoff, H. L., andWicha, M. S. Connectin: Cell sur-
face protein that binds both laminin and actin. Proc. Natl. Acad.
Sci. (U.S.) 80: 5927-5930 (1983).
107. Cody, R. L., and Wicha, M. S. Clustering ofcell surface laminin en-
hances its association with the cytoskeleton. Exp. Cell Res. 165:
107-116 (1986).
108. Singer, I. I., Kawka, D. W., Scott, S., Mumford, R. A., and Lark,
M. W Thefibronectincell attachment sequence arg-gly-asp-ser pro-
motes focal contact formation during early fibroblast attachment
and spreading. J. Cell Biol. 104: 573-584 (1987).
109. Chen, W-T., Hasegawa, E., Hasegawa, T., Weinstock, C., and
Yamada, K. M. Development ofcell surface linkage complexes in
cultured fibroblasts. J. Cell Biol. 100: 1103-1114 (1985).
110. Singer, I. I. The fibronexus: A transmembrane association of
fibronectin-containing fibers and bundles of5 nm microfilaments
in hamster and human fibroblasts. Cell 16: 675-685 (1979).
111. Horwitz, A., Duggan, K., Buck, C., Beckerle, M. C., and Bur-
ridge, K. Interaction ofplasmamembranefibronectin receptorwith
talin-a transmembrane linkage. Nature 320: 531-533 (1986).EXTRACELLULAR MATRIX IN MAMMARY DIFFERENTIATION 83
112. Rapraeger, A., Jalkanen, M., and Benfield, M. Cell surface pro-
teoglyean associates with the cytoskeleton at the basolateral cell
surface of mouse mammary epithelial cells. J. Cell Biol. 103:
2683-2696 (1986).
113. Lacy, B. E., and Underhill, C. B. The hyaluronate receptor is as-
sociated with actin filaments. J. Cell Biol. 105: 1395-1404 (1987).
114. Brown, S S., and Spudich, J. A. Cytochalasin inhibits the rate of
elongation of actin filament fragments. J. Cell Biol. 83: 657-662
(1979).
115. Flanagan, M. D., and Lin, S, Cytochalasins block actin filament
elongation by bindingto highaffinity sites associated with F-actin.
J. Biol. Chem. 255: 835-838 (1980).
116. MacLean-Fletcher, S., and Pollard, T. D. Mechanism of action of
cytochalasin B on actin. Cell 20: 329-341 (1980).
117. Schliwa, M. Action ofcytochalasin D on cytoskeletal networks. J.
Cell Biol. 92: 79-91 (1982).
118. Andreu, J. M., and Timasheff, S. N. Tbbulin-colchicine interactions
and polymerization of the complex. Ann. N.Y. Acad. Sci. 466:
676-689 (1986).
119. Lenk, R., Ransom, L., Kaufman, Y., and Penman, S. A cytoskele-
tal structure with associated polyribosomes obtained from HeLa
cells. Cell 10: 67-78 (1977).
120. Cervera, M., Dreyfuss, G., and Penman, S. Messenger RNA is
translated when associated with the cytoskeletal framework in nor-
mal and VSV-infected HeLa cells. Cell 23: 113-120 (1981).
121. Ornelles, D. A., Fey, E. G., and Penman, S. Cytochalasin releases
mRNA from the cytoskeletal framework and inhibits protein syn-
thesis. Mol. Cell. Biol. 6: 1650-1662 (1986).
122. Bonneau, A-M., Darveau, A., and Sonenberg, N. Effect ofviral in-
fection on host protein synthesis and mRNA association with the
cytoplasmic cytoskeletal structure. J. Cell Biol. 100: 1209-1218
(1985).